All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Several recent studies have provided strong evidence that *Fusobacterium necrophorum (Fn)* has a causative role in nonstreptococcal tonsillitis, particularly in adolescents and young adults and may occur at rates comparable to group A beta-hemolytic streptococcal (GAS) infection, sometimes exceeding 20% of cases.\[[@pone.0189423.ref001]--[@pone.0189423.ref006]\] *Fn* also causes up to 20% of recurrent, persistent sore throats.\[[@pone.0189423.ref007]\] Most epidemiologic studies looking at *Fn* prevalence in sore throats come from Europe. Outside of our recently published study, we are aware of only one other U.S. study, that of Van *et al*, which was recently conducted in children.\[[@pone.0189423.ref008]\] In this study of 300 children presenting with pharyngitis the prevalence of *Fn*, as determined by PCR and culture, was significantly higher in older adolescents (14--20 yo) (13.5%) than in children less than 14 yrs (1.9%) (p \< 0.001). The clinical signs and symptoms of *Fn* positive subjects were similar to those with GAS. In an English study, Batty and Wren cultured 248 throat swabs and found that *Fn* was more commonly isolated than GAS from patients over 20 years of age.\[[@pone.0189423.ref004]\] Using real-time PCR to study tonsillitis patients aged 18 to 32 years and healthy controls in Denmark, Jensen and colleagues found that 48% of 105 nonstreptococcal tonsillitis patients were positive for *Fn* compared to 21% of controls, suggesting that this organism may be a major cause of bacterial pharyngitis.\[[@pone.0189423.ref003]\] In our published study of 312 sore throat patients and 180 controls in a U.S. university setting, Quantitative PCR (qPCR) identified *Fn* in 20.5% of patients and 9.4% of controls with GAS 10.3% and 1.1% respectively.\[[@pone.0189423.ref009]\] Finally, in a recent meta-analysis of 6 studies of acute tonsillitis, Klug and colleagues found that *Fn* was recovered significantly more frequently from patients (21.2%) compared to controls (7.6%) (p \< 0.001).\[[@pone.0189423.ref006]\] Together these studies provide strong evidence that *Fn* is present in a substantial proportion of adolescents and young adults with bacterial pharyngitis.

*Fn* is established as a major cause of peritonsillar abscess.\[[@pone.0189423.ref010], [@pone.0189423.ref011]\] *Fn* pharyngitis or peritonsillar abscess may develop into a severe, life-threatening condition known as Lemierre's syndrome in which fusobacterium invades the internal jugular vein causing a septic thrombophlebitis and then begins showering the body with septic emboli.\[[@pone.0189423.ref012], [@pone.0189423.ref013]\] Although it remains an uncommon complication, the incidence of Lemierre's syndrome appears to have been increasing over the past two decades for unclear reasons and now is more common in the United States than acute rheumatic fever, the most serious complication of GAS pharyngitis.\[[@pone.0189423.ref001], [@pone.0189423.ref014]\] The incidence is increased among males, ranging from 1.5:1 to 3:1 in a few small published patient series, and the large majority of affected individuals are older adolescents or young adults (18--29 years).

Most primary care offices can perform quick antigen testing of throat swabs and overnight cultures for GAS. By contrast, no current method for diagnosing *Fn* pharyngitis exists for office practices despite the epidemiologic evidence that *Fn* causes at least as many cases of acute and recurrent bacterial pharyngitis in older adolescents and adults. Our recently published study provided the first data on the clinical characteristics of *Fn* pharyngitis although a second recently has been published. \[[@pone.0189423.ref006], [@pone.0189423.ref009]\] The Centor score, a clinical scoring system in which patients are awarded one point each for absence of cough, presence of tonsillar exudates, history of fever, and the presence of tender anterior cervical adenopathy, correlated with the presence of not only GAS but also with streptococcal groups C/G and *Fn* suggesting that this clinical scoring system is a quantitative summation of clinical signs and symptoms that develop in response to any invasive bacterial pharyngitis, not just GAS.\[[@pone.0189423.ref015]\] The Centor scoring system assigns one point each for a sore throat patient with fever, tonsillar exudates, tender adenopathy, and absence of cough, with higher scores having increasing probability of GAS pharyngitis. In response to our study, other investigators argue that, like GAS, *Fn* can be considered part of the normal flora and the simple presence of the organism should not be taken to represent infection.\[[@pone.0189423.ref016]\] We hypothesized that a bacterial tonsillitis could create a dysbiosis in the tonsillar microbial flora, although it might also be the case that an evolving dysbiosis associated with increasing predominance of *Fn* could play a role in the development of an inflammatory response. Therefore we carried out a comprehensive microbiome analysis to determine the relative proportion of *Fn* in comparison to other members of the oropharyngeal flora and to characterize potential differences in the microbial flora with regard to number and diversity in pharyngitis patients with high relative levels of *Fn* and those with low levels of *Fn* or no detectable *Fn* compared to asymptomatic controls.

Materials and methods {#sec002}
=====================

Patient and control samples {#sec003}
---------------------------

This work was conducted under a protocol approved by the UAB Institutional Review Board. We have previously described the procedures for enrollment in our IRB approved study and the patient and control demographics.\[[@pone.0189423.ref009]\] Briefly, the study subjects were between 15--30 years of age and included 341 university students presenting to a university student health clinic complaining of a sore throat, while the controls were 180 asymptomatic students. Potential study patients were not required to sign an informed consent by IRB since the procedure was innocuous and samples were anonymized. Patients received an information sheet that clearly informed them that they had the option whether or not to participate. The sore throat patients were enrolled sequentially in the student health clinic between March 2013 and March 2014 while the controls were enrolled mainly over four days in April 2013. Patients and controls were excluded if they were on antibiotics or had been on antibiotics during the previous four weeks. In our previous published study of these subjects, we analyzed data from only 312 of the 341 patients. Some were excluded because their ages fell outside the main range of interest (15--30 years), some because of incomplete demographics, and some because of incomplete PCR results. In this previously published study, DNA was extracted from throat swabs and analyzed by real-time PCR (RT-PCR) for the presence of β hemolytic streptococci, *Fusobacterium necrophorum* (*Fn*), and *Mycoplasma pneumoniae*. The latter organism was included because of previous reports suggesting that *M*. *pneumoniae* infection can be a cause of pharyngitis.\[[@pone.0189423.ref017]\] It is these previously acquired DNA samples that were used for microbiome analysis in the current study.

Microbiome analysis using 16S/Next Generation Sequencing (NGS) {#sec004}
--------------------------------------------------------------

Using the DNA samples from all 341 patients and 30 controls, PCR was used with unique bar coded primers to amplify the variable region 4 (V4) region of the 16S rRNA gene to create a 16S V4 amplicon library from individual samples.\[[@pone.0189423.ref018]--[@pone.0189423.ref020]\] Only 30 of the 180 controls were used because it was felt that this subset of the normal controls would provide a representative sample of the healthy age-matched control oral microbiome for use as a comparator group. The PCR product was \~255 bases from the V4 segment of the 16S rRNA gene, and we sequenced 251 base single end reads using Illumina MiSeq. \[[@pone.0189423.ref018], [@pone.0189423.ref019]\] FASTQ conversion of the raw data files was performed following de-multiplexing using MiSeq reporter. Quality assessment of the FASTQ files was performed using FASTQC (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>), and then quality filtering was done using the FASTX toolkit. Due to low quality of a single base toward the 3' ends of the read, the last base was trimmed for all reads, making the read length 250 bases. Any read with an average base quality Q score of \< 20 and the reads with unknown bases ("N") were discarded. The remainder of the steps was performed with the Quantitative Insight into Microbial Ecology (QIIME) suite, version 1.8 as described below. \[[@pone.0189423.ref018], [@pone.0189423.ref021], [@pone.0189423.ref022]\] Chimeric sequences were filtered using the "identify_chimeric_seqs.py" module of USEARCH. \[[@pone.0189423.ref023]\] Sequences were grouped into operational taxonomic units (OTUs) using the clustering program UCLUST at a similarity threshold of 97%. \[[@pone.0189423.ref023]\] The Ribosomal Database Program (RDP) classifier trained using the Greengenes (v13.8) 16S rRNA database \[[@pone.0189423.ref024]\] was used to make taxonomic assignments for all OTUs at confidence threshold of 80% (0.8). \[[@pone.0189423.ref025]\] The resulting OTU table included all OTUs, their taxonomic identification, and abundance information. OTUs whose average abundance was less than 0.005% were filtered out. OTUs were then grouped together to summarize taxon abundance at different hierarchical levels of classification (e.g. phylum, class, order, family, genus, and species). These taxonomy tables were also used to generate stacked column bar charts of taxon abundance using Microsoft Excel software (Microsoft, Seattle, WA). Multiple sequence alignment of OTUs was performed with PyNAST. \[[@pone.0189423.ref026]\]

Statistical analyses {#sec005}
--------------------

Equal variances among groups were assessed by Levene's Test. The Welch's ANOVA was used for testing alpha diversities, Shannon and Simpson, that had unequal variances. For pair-wise comparisons among groups, Tukey's HSD post hoc t-test was used to test for alpha diversities with homogeneous variance, Chao1, observed species, and PD Whole Tree. Bonferroni correction was used for alpha diversities with unequal variances, Shannon and Simpson. PERMANOVA test \[[@pone.0189423.ref027]\] was performed to test the statistical significance between the four groups for three beta diversity indices (Bray Curtis, weighted unifrac and unweighted unifrac).\[[@pone.0189423.ref028]\] Student's t test was used to compare the Centor scores for different patient groups. Significance level of 0.05 was used for all statistical tests. All the analyses were conducted using R (Version 3.3.2) except for the correlation of qPCR Ct values with OTU values, which was performed using GraphPad Prism, and t tests, which were performed in Excel spreadsheets.

Results {#sec006}
=======

Predominance of *Fn* in the tonsillar microbiome in young adults with sore throat {#sec007}
---------------------------------------------------------------------------------

Of the 341 patient samples and 30 control samples submitted for microbiome analysis, four sore throat patient samples did not yield interpretable results leaving 337 patient samples and 30 control samples for a total of 367. An OTU corresponding to *Fn* was detected in 217 patients (64.4%) and 23 controls (76.7%) ([Table 1](#pone.0189423.t001){ref-type="table"}) ([Fig 1](#pone.0189423.g001){ref-type="fig"}) suggesting *Fn* is both a part of the normal pharyngeal tonsillar flora and present in infection. We reasoned that higher OTU values were more likely to represent true infection and arbitrarily selected a cutoff value of 0.1 for patients with possible infection due to *Fn*. In 18 sore throat patients (5.3%) the OTU value for *Fn* was greater than or equal to 0.1; however, one of 30 controls also had an OTU value in this range (3.3%).

10.1371/journal.pone.0189423.t001

###### Comparison of findings in original PCR-based sample testing and current microbiome-based analyses.

![](pone.0189423.t001){#pone.0189423.t001g}

             RT-PCR           Microbiome                        
  ---------- ---------------- -------------- ------------------ ----------------
  ***Fn***   **67 (21.5%)**   **18 (10%)**   **217 (64.45%)**   **23 (76.7%)**
  **GAS**    **32 (10.3%)**   **2 (1.1%)**   **129 (38.3%)**    **9 (30%)**

![Microbiome analysis of throat swabs from 367 subjects (30 controls and 337 sore throat patients).\
Shown are the relative proportions of OTUs with higher values represented by *Fusobacterium necrophorum* and *Streptococcus pyogenes*. Many positive samples (OTU values less than 0.01) cannot be seen on this scale.](pone.0189423.g001){#pone.0189423.g001}

In contrast, in our published report, using an extensively validated in-house qPCR assay, 85 samples were positive for *Fn* using the *Fn* rpoB gene as target: 67 patients (n = 312, 21.5%) and 18 controls (n = 180, 10%). Four controls and three sore throat patients who were positive by PCR were negative by 16S/NGS, and no samples were negative by PCR that were positive by 16S/NGS sequencing. Although the two techniques (qPCR and 16S/NGS sequencing) yielded very different results, there was a significant correlation between the cycle threshold (Ct) values obtained by qPCR (the threshold value for positivity, which correlates with the amount of template present) with the OTU value for *Fn* positive samples ([Fig 2](#pone.0189423.g002){ref-type="fig"}).

![Correlation between Ct values for all *Fn* PCR positive samples and the corresponding OTU value for that sample.](pone.0189423.g002){#pone.0189423.g002}

An OTU corresponding to *Streptococcus pyogenes* (GAS) was detected in 129 of 337 patient samples (38.3%) and 9 of 30 controls (30%). Of these, nine OTU values were greater than 0.1, and all were within the patient samples. Eight of these nine samples with high positive OTU values for *Streptococcus pyogenes* were also positive for *Fn* with low OTU values and the ninth sample was negative. Ten of 18 patient samples with high *Fn* OTU values were positive for GAS at low levels and the remaining samples were negative. Again, fewer patients (32, 10.3%) were found to have GAS in our published study with only 2 controls (1.1%) positive.

Analysis of diversity in patient subgroups and control samples {#sec008}
--------------------------------------------------------------

We compared the diversity of bacteria in different patient sample sets and control subjects using all five alpha diversities (chao1, observed species, phylogenetic diversity---whole tree, Shannon and Simpson). In each case there exist statistically significant differences between *Fn* positive_high patients (OTU abundance \> 0.1) and the other three groups: *Fn* positive_low patients (OTU abundance \> 0 and \< 0.1), *Fn* negative patients (OTU abundance = 0), and control subjects ([Table 2](#pone.0189423.t002){ref-type="table"} and Table A in [S1 File](#pone.0189423.s001){ref-type="supplementary-material"}). There were statistically significant differences among the four groups (positive_high and positive_low, negative, and control) in three beta diversities (Bray-Curtis, weighted unifrac, and unweighted unifrac) (Table I in [S1 File](#pone.0189423.s001){ref-type="supplementary-material"}) by overall PERMANOVA. We also did pair-wise PERMANOVA comparisons between every two groups. *Fn* positive_high and the control group have a statistically significant difference when the data are analyzed using the three beta diversity indexes for three different abundance cutoffs (*Fn*\_high ≥0.1, *Fn*\_high≥0.05 and *Fn*\_high≥0.15). There exist statistically significant differences between control vs negative, control vs positive_high and control vs positive_low when we use Bray-Curtis and Unweighted unifrac as beta diversity methods for three different abundance cutoffs (*Fn*\_high ≥0.1, *Fn*\_high ≥0.05 and *Fn*\_high ≥0.15). Thus, *Fn* positive samples with high OTU values suggestive of an infection have lower alpha and beta diversity.

10.1371/journal.pone.0189423.t002

###### Comparison of alpha diversity by five measures in *Fn* and GAS positive and negative patient groups, and control subjects.

![](pone.0189423.t002){#pone.0189423.t002g}

  ------------------------------------------------ ------------------------- ----------- -------------- ----------- ------------------- ----------- ------------------ ----------- -------------
  **Fn Using Positive High OTU Values \> 0.1**                                                                                                                                     
                                                   **Stratified by Group**                                                                                                         
                                                   **Control**                           **Negative**               **Positive_high**               **Positive_low**               
  **n**                                            **30**                                **120**                    **18**                          **199**                        
                                                   **Mean**                  **SD**      **Mean**       **SD**      **Mean**            **SD**      **Mean**           **SD**      **p**
  **chao1**                                        **260.24**                **41.29**   **253.18**     **36.27**   **209.38**          **53.68**   **257.08**         **42.47**   **\<0.001**
  **observed_species**                             **210.6**                 **30.04**   **205.1**      **32.28**   **165.72**          **46**      **210.69**         **34.92**   **\<0.001**
  **PD_whole_tree**                                **14.18**                 **1.43**    **13.33**      **1.56**    **12.41**           **2.12**    **13.76**          **1.87**    **0.001**
  **shannon**                                      **4.52**                  **0.49**    **4.34**       **0.48**    **3.06**            **1.08**    **4.39**           **0.55**    **\<0.001**
  **simpson**                                      **0.91**                  **0.05**    **0.89**       **0.06**    **0.67**            **0.2**     **0.9**            **0.08**    **\<0.001**
  **GAS Using Positive_High OTU Values \> 0.05**                                                                                                                                   
                                                   **Stratified by Group**                                                                                                         
                                                   **Control**                           **Negative**               **Positive_high**               **Positive_low**               
  **n**                                            **30**                                **208**                    **13**                          **116**                        
                                                   **Mean**                  **SD**      **Mean**       **SD**      **Mean**            **SD**      **Mean**           **SD**      **p**
  **chao1**                                        **260.24**                **41.29**   **252.44**     **40.64**   **252.64**          **33.87**   **254.47**         **46.09**   **0.814**
  **observed_species**                             **210.6**                 **30.04**   **205.72**     **34.32**   **201.54**          **33.34**   **207.88**         **39.26**   **0.821**
  **PD_whole_tree**                                **14.18**                 **1.43**    **13.37**      **1.73**    **13.88**           **1.85**    **13.78**          **1.92**    **0.044**
  **shannon**                                      **4.52**                  **0.49**    **4.3**        **0.6**     **4.25**            **0.61**    **4.3**            **0.7**     **0.312**
  **simpson**                                      **0.91**                  **0.05**    **0.89**       **0.09**    **0.87**            **0.08**    **0.88**           **0.11**    **0.437**
  **GAS using Positive_high OTU Values \> 0.1**                                                                                                                                    
                                                   **Stratified by Group**                                                                                                         
                                                   **Control**                           **Negative**               **Positive_high**               **Positive_low**               
  **n**                                            **208**                               **30**                     **9**                           **120**                        
                                                   **Mean**                  **SD**      **Mean**       **SD**      **Mean**            **SD**      **Mean**           **SD**      **p**
  **chao1**                                        **260.24**                **41.29**   **252.44**     **40.64**   **251.6**           **33.91**   **254.49**         **45.72**   **0.81**
  **observed_species**                             **210.6**                 **30.04**   **205.72**     **34.32**   **196.67**          **31.5**    **208.03**         **39.11**   **0.705**
  **PD_whole_tree**                                **14.18**                 **1.43**    **13.37**      **1.73**    **13.92**           **1.63**    **13.78**          **1.93**    **0.044**
  **shannon**                                      **4.52**                  **0.49**    **4.3**        **0.6**     **4.12**            **0.64**    **4.31**           **0.7**     **0.231**
  **simpson**                                      **0.91**                  **0.05**    **0.89**       **0.09**    **0.85**            **0.09**    **0.88**           **0.11**    **0.346**
  ------------------------------------------------ ------------------------- ----------- -------------- ----------- ------------------- ----------- ------------------ ----------- -------------

In these three tables, *Fn* positive_high is the set of patient samples with *Fn* OTU values \> 0.1 and *Fn* positive_low is the set with nonzero *Fn* OTU values ≤ 0.1. GAS positive_high is that set of patient samples \> 0.05 (middle table) or \> 0.1 (lower table) and GAS positive_low is the set with nonzero GAS values ≤ 0.05 (middle table) or ≤ 0.1 (lower table). The p values shown are the probabilities that the diversity in the set of *Fn* positive_high patients (upper table) or GAS positive_high (lower two tables) is different from the other two patient sets and control subjects.

Analysis of alpha diversity for GAS with high OTU values compared to other patient groups reveals only a marginally significant difference between any two groups with Phylogenetic Diversity--Whole Tree and no significant difference among the remaining four alpha diversities, no matter whether we choose OTU abundance \> 0.05 or \>0.1 as the threshold for subgroup \"positive_high\" ([Table 3](#pone.0189423.t003){ref-type="table"}, Table K in [S1 File](#pone.0189423.s001){ref-type="supplementary-material"} and Table U in [S1 File](#pone.0189423.s001){ref-type="supplementary-material"}). When the data are analyzed using beta diversity indexes Bray-Curtis and Unweighted, for both cutoffs (GAS\> 0.05 and \>0.1), there is a statistically significant difference between the control vs GAS negative, control vs GAS positive_low and the control vs GAS positive_high. There exists a statistically significant difference between GAS positive_high and GAS positive_low if we conduct pair-wise comparison by using Weighted unifrac index. We feel it is likely that the discrepancy between the results from weighted and unweighted unifrac simply indicates that our grouping based on *Fn* or GAS relative abundance affects the survival (presence or absence) of different taxa but not the abundance, which is not a unique phenomenon in microbiome analyses.

10.1371/journal.pone.0189423.t003

###### OTU values showing the relative proportion of total *Fn* or *S*. *pyogenes* sequences in which the OTU value in microbiome analysis exceeded 0.1 (i.e. more than 10% of total bacterial 16S sequences obtained) and the corresponding Centor scores among 312 sore throat patients.

![](pone.0189423.t003){#pone.0189423.t003g}

  *Fn* samples \> 0.1   *Strep pyogenes* \> 0.1   Neither *Strep pyogenes* nor *Fn* and Score = 4                                                                                                                          
  --------------------- ------------------------- ------------------------------------------------- ---------- ------------- ---------- ---------- ----------------------------------------------------------------------- --------------
  **4023**              **0.10445**               **2**                                             **4020**   **0.19552**   **2**      **4028**   ***Veillonella dispar***                                                **0.306143**
  **4066**              **0.11127**               **2**                                             **4024**   **0.10397**   **1**      **4063**   ***Gemella sp***.                                                       **0.34881**
  **4070**              **0.7483**                **4**                                             **4027**   **0.48395**   **3**      **4141**   [\*](#t003fn001){ref-type="table-fn"}***Prevotella melanogenica***      **0.23466**
  **4074**              **0.47896**               **4**                                             **4038**   **0.25662**   **2**      **4148**   [\*](#t003fn001){ref-type="table-fn"}***Haemophilus parainfluenzae***   **0.121262**
  **4079**              **0.67939**               **4**                                             **4065**   **0.11886**   **4**      **4190**   ***Fusobacterium periodonticum***                                       **0.193189**
  **4093**              **0.81857**               **2**                                             **4107**   **0.5376**    **3**      **4196**   ***Veillonella dispar***                                                **0.205305**
  **4100**              **0.61893**               **2**                                             **4133**   **0.16335**   **2**      **4212**   ***Prevotella melanogenica***                                           **0.192268**
  **4118**              **0.77347**               **1**                                             **4278**   **0.10316**   **2**      **4237**   ***Prevotella melanogenica***                                           **0.192879**
  **4127**              **0.5981**                **4**                                             **4295**   **0.46406**   **1**      **4260**   [\*](#t003fn001){ref-type="table-fn"}***Prevotella melanogenica***      **0.107159**
  **4137**              **0.61707**               **2**                                                                                 **4292**   ***Neisseria sp***.                                                     **0.279068**
  **4204**              **0.40553**               **4**                                                                                 **4316**   ***Neisseria sp***.                                                     **0.238371**
  **4243**              **0.14194**               **2**                                                                                                                                                                    
  **4244**              **0.73648**               **3**                                                                                                                                                                    
  **4259**              **0.33666**               **2**                                                                                                                                                                    
  **4262**              **0.38465**               **4**                                                                                                                                                                    
  **4289**              **0.33073**               **4**                                                                                                                                                                    
  **4319**              **0.70206**               **2**                                                                                                                                                                    
  **4335**              **0.21701**               **2**                                                                                                                                                                    
                        **Mean**                  **2.78**                                                     **Mean**      **2.22**                                                                                      
                        **SD**                    **1.06**                                                     **SD**        **0.97**                                                                                      

\*Other OTUs with similar values (polymicrobial?)

For comparison the most abundant OTUs in all other patients with Centor scores of 4 are shown.

Samples with *Fn* OTU values \> 0.1 (*Fn* positive_high) had similar Centor scores to the GAS positive samples with OTU values \> 0.1 (2.78 ± 1.06 vs 2.22 ± 0.97, p = 0.2 (student's t test)) ([Table 3](#pone.0189423.t003){ref-type="table"}). Eleven other patients with Centor scores of 4 had OTU values for other taxa ranging from 0.107 to 0.349; these are listed in [Table 3](#pone.0189423.t003){ref-type="table"} for comparison. The relatively high prevalence of these other species in these sore throat patients support previous studies which have implicated species such as *Prevotella melanogenica* (along with *Fn*) in recurrent tonsillitis.\[[@pone.0189423.ref029]\] The *Fn* positive_high group had significantly higher scores than those for the entire sore throat patient cohort (1.64 ± 1.05, p = 0.0002), the *Fn* positive_low patients (nonzero OTU values ≤ 0.1) (1.58 ± 1.04, p = 0.0002), or the *Fn* negative patients (1.61 ± 0.99, p = 0.0004). These differences remained strongly significant if we chose somewhat different arbitrary OTU cutoff values for *Fn* high positive samples of 0.05 or 1.15. Finally, within the *Fn* positive group, those samples with Centor scores ≥ 2 were significantly less diverse than the control samples ([Fig 3](#pone.0189423.g003){ref-type="fig"}) (p = 0.00375) while those *Fn* positive samples with lower Centor scores did not differ from the controls in Shannon diversity.

![Lower diversity in *Fn* positive patient samples with higher Centor scores.\
*Fn* positive sore throat patient samples with higher Centor scores (≥ 2) are significantly less diverse than control samples but *Fn* positive patient samples with lower Centor scores (0 or 1) do not differ significantly from controls in diversity.](pone.0189423.g003){#pone.0189423.g003}

Discussion {#sec009}
==========

Lemierre's syndrome, a dangerous complication of *Fn* pharyngitis, now appears to be more frequent among adolescents and young adults in North America and Europe than acute rheumatic fever. It has long been appreciated that invasive *Fn* infections are much more common in the older adolescent/young adult age group. The reasons for the relatively high prevalence in this age range is unclear but it is interesting that one group found in a study of 411 university students that those who were *Fn* positive were more likely to report lip-to-lip kissing within the previous 4 weeks.\[[@pone.0189423.ref030]\] Our previously published report, in which 20.5% of sore throat patients' throat swabs were positive for *Fn* compared to 10.3% positive for GAS (with 9.4% and 1.1% respectively positive in the controls), now augmented by the data presented in this manuscript, suggests that *Fn* pharyngitis may be more common among college students than GAS pharyngitis or pharyngitis due to other types of streptococci. High levels of *Fn* in the oropharynx of sore throat patients were not only more frequent than GAS, but the proportion of microbial sequences made up by the *Fn* OTU strongly suggests that this organism may be actually causing an infection in this subset of *Fn* positive patients as opposed to representing an incidental detection. Furthermore, the correlation of the Centor scores in the *Fn* high subset of patients also indicates that, as with GAS, the Centor scoring system is identifying patients with a bacterial pharyngitis. Together our data comprise strong evidence adding to a growing body of data that *Fn* is a common and underappreciated pathogen specifically affecting older adolescents and young adults. Unfortunately, at present there are no ready ways for primary care physicians to test for this common infection and little is known regarding how it spreads through the population or its patterns of antibiotic resistance.

Perhaps unsurprisingly, bacterial diversity is decreased in subjects with high levels of *Fn* or GAS. As the proportion of a species increases within a sample, the proportions of most other species should lead to a decrease in the overall diversity. The emerging dominance of a single species could result in conditions (e.g. changes in local pH, unavailability of necessary nutrients, presence of toxins) that favor the lower diversity. In the five *Fn* samples with the highest OTU values, over 70% of sequences were made up of that OTU alone. Those *Fn* positive samples with higher OTU values or higher Centor scores were associated with lower diversity. The data suggest that as an infection develops in the tonsillar microbial community, one pathogenic species becomes increasingly prevalent and concomitantly the overall diversity of the population declines. The reasons for this decline in diversity are likely to be numerous, ranging from an apparent decline in numbers of other species simply because of overwhelming predominance of a single species to inhibition of growth of other species by depletion of vital nutrients or the creation of an actively hostile environment. Regardless, similar changes have been documented in a wide range of infections and hosts ranging from pulmonary tuberculosis in humans \[[@pone.0189423.ref031]\], to *Cryptosporidium* intestinal infection in lower primates \[[@pone.0189423.ref032]\], to herpesvirus infection in fish. \[[@pone.0189423.ref033]\]

Our study has several deficiencies. As noted by reviewers in our original report, the control subjects were all collected at about the same time from healthy graduate and medical students while the patient samples were collected over more than a year during routine student health clinic operation. Thus, any normal seasonal variation in the relative abundance of organisms in the oropharyngeal microbiome might have been masked. Further, the detection of an organism by PCR in a site does not necessarily indicate that it is a true part of the microbiome of that site as nucleic acids in the oropharynx may not represent live bacteria. We did not perform cultures for *Fn* during this study so confirmatory identification of isolates by conventional microbiological testing could not be done.

As noted previously, the two techniques by which the samples were analyzed were quite different and the results were in some ways different as well. Our previous analysis of samples for *Fn* utilized an in-house developed and validated real-time PCR assay (a modification of the assay published by Aliyu et al \[[@pone.0189423.ref002]\]) with the *Fn* rpoB gene as target while the microbiome analysis utilizes the 16S rRNA gene with degenerate primers corresponding to more conserved sequences flanking the hypervariable V4 region so as to detect the maximum number of species. The amplified product is then sequenced using Next Generation Sequencing and sequence products are analyzed for OTU content. The specific OTU corresponding to *Fn* does not distinguish between *F*. *necrophorum necrophorum*, a subspecies generally isolated from animal species, and *F*. *necrophorum funduliforme*, the subspecies associated with human disease; however our *Fn* RT-PCR assay was also similarly limited in specificity. Similarly, targets other than the 16S rRNA gene were used for the RT-PCR assays for *Mycoplasma pneumoniae* and β-hemolytic streptococci in our previous report. Nonetheless, the microbiome analysis revealed a much larger set of subjects who were positive for *Fn* (239 of 337 patients and 23 of 30 controls) or GAS (129 of 337 patients and 9 of 30 respectively) than that in our original report, although most were at very low relative abundance. The reason(s) for these discrepancies are unclear. One possibility is that the OTUs corresponding to GAS and *Fn* detected by 16S/NGS represent separate but closely related species that did not amplify with the specific primers utilized in our original analysis. An alternate explanation could be that the sensitivity of the 16S/NGS analysis is significantly higher than the RT-PCR assays. Arguing against this is the fact that the 16S/NGS assay did not detect any of the six samples that were positive by RT-PCR for *M*. *pneumoniae*. However, we believe the failure to detect M. pneumoniae was at least partly due to a 1 base mismatch in the primer set for *M*. *pneumoniae* (as well as *M*. *genitalium*) that was discovered after the testing was complete. Regardless, despite the difference in numbers detected, there was a correlation between the OTU values for *Fn* positive microbiome samples and the Cp value for RT-PCR detection in PCR positive samples.

In summary, the data presented in the current report supplement those in our previous manuscript \[[@pone.0189423.ref009]\], providing additional confirmatory evidence for a potential causal role of *Fn* in pharyngitis in older adolescents and young adults. High levels of *Fn* and GAS in oropharyngeal samples were associated with lower microbial diversity, and those *Fn* samples with higher Centor scores also had lower diversity, both suggesting a shift in microbial population occurring during the development of an active pharyngeal infection.
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